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KillerRed is the only known fluorescent protein that demon-
strates notable phototoxicity, exceeding that of the other green
and red fluorescent proteins by at least 1,000-fold. KillerRed
could serve as an instrument to inactivate target proteins or to
kill cell populations in photodynamic therapy. However, the
nature of KillerRed phototoxicity has remained unclear, impeding
the development of more phototoxic variants. Here we present the
results of a high resolution crystallographic study of KillerRed in
the active fluorescent and in the photobleached non-fluorescent
states. A unique and striking feature of the structure is a water-
filled channel reaching the chromophore area from the end cap of
the B-barrel that is probably one of the key structural features
responsible for phototoxicity. A study of the structure-function
relationship of KillerRed, supported by structure-based, site-di-
rected mutagenesis, has also revealed the key residues most likely
responsible for the phototoxic effect. In particular, Glu®® and
Ser''?, located adjacent to the chromophore, have been assigned as
the primary trigger of the reaction chain.

The green fluorescent protein (GFP)* and related proteins
have become efficient noninvasive tools in cell biology and bio-
medicine for visualizing and monitoring the internal processes
within cells or whole organisms (1—8). The multicolor labeling
technologies, based on fluorescent proteins (FPs), have found
important biomedical applications in the studies of various
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aspects of cancer, including primary tumor growth, tumor cell
motility and invasion, metastatic seeding, colonization, and
angiogenesis (9-11).

The recent development of the first genetically encoded
photosensitizer, KillerRed (SWISS-PROT/TrEMBL data base
sequence ID Q2TCHS5), a highly phototoxic red fluorescent
protein (12, 13), opened a new area of FP application. KillerRed
is a red fluorescent protein characterized by excitation and
emission maxima at 585 and 610 nm, respectively. This genetic
variant was engineered from non-fluorescent and non-photo-
toxic chromoprotein anm2CP from Hydrozoa jellyfish (se-
quence ID Q6RYS4). Upon irradiation by green light at the wave-
length of 520—-590 nm, KillerRed generates the reactive oxygen
species (ROS), accompanied by profound self photobleaching.
The ROS-induced phototoxicity of KillerRed is at least 3 orders of
magnitude higher than that of other fluorescent proteins exhibit-
ing low background phototoxicity (12). Such a unique property of
KillerRed could find use in light-induced inactivation of target
proteins and in precise cell killing. Unlike chemical photosensitiz-
ers, KillerRed can be directly expressed by a target cell, both indi-
vidually and in fusion with a target protein. The most exciting
future application of KillerRed may be in photodynamic therapy of
cancer. This phototoxic agent, precisely delivered to solid tumors
by a viral vector, could serve as an intrinsically generated photo-
sensitizer, causing light-induced tumor destruction. Therefore,
understanding the relationship between the structure and proper-
ties of KillerRed would be crucially important for further improve-
ment of this unique protein.

We present here the three-dimensional structure of KillerRed
in an active fluorescent state at 1.75 A resolution as well as in
photobleached non-fluorescent states at 2.15 A resolution. We
have focused our attention on the distinctive structural features
that might be responsible for the observed photophysical proper-
ties of the protein. The presented crystallographic data are sup-
ported by structure-based, site-directed mutagenesis.

EXPERIMENTAL PROCEDURES

Expression, Purification, and Crystallization—The plasmid
pQE30-KillerRed was transformed into Escherichia coli J]M109
(DE3) cells. The protein was expressed in 3 liters of LB supple-
mented with 100 mg/liter ampicillin by overnight incubation at
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Three-dimensional Structure of KillerRed

FIGURE 1. The environment of the chromophore in KillerRed. A, stereoview of a chain of hydrogen-bonded
waters (red spheres in the upper part of the drawing) flowing from the outside to the phenolic ring hydroxyl of
the QYG chromophore (shown in orange) through a pore located on the cylindrical B-barrel surface composed
of the backbone of residues 142-144 and 199-201. A fraction of the other water chain (lower part of the
drawing; see the legend for B) and the key residues Asn'** and Thr?®! and the catalytic Arg®* and Glu?'®,
interacting with chromophore, are also shown. B, stereoview of the water-filled channel with a chain of seven
consecutive hydrogen-bonded water molecules (red spheres) traversing along the B-barrel from Pro'®? at the
cap loop to the catalytic Glu?'in the chromophore area. Two other water molecules are shown at the assumed
entry point outside of the B-barrel (figure created with SETOR (55)).

37 °C. No induction by isopropyl 1-thio-3-p-galactopyranoside
was applied, because promoter leakage was sufficient for effec-
tive expression. Cells were resuspended in 20 mm Tris, pH 8.0,
100 mMm NaCl and lysed by sonication. Supernatant clarified by
centrifugation was applied to a metal affinity column (Ni**-
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nitrilotriacetic acid-agarose resin,
Qiagen) and washed with 10 col-
umn volumes of 20 mm Tris, pH 8.0,
100 mm NaCl. The target protein
was eluted with 20 mm Tris, pH 8.0,
100 mm NaCl, 50 mm EDTA. Final
purification was achieved by size
exclusion chromatography on a
Superdex 200 HiLoad (16/60) col-
umn (Amersham Biosciences) in 20
mMm Tris, pH 7.5, 200 mm NaCl, 5
mM EDTA. Protein concentration
and buffer exchange were performed
in 10,000 molecular weight cut-off
concentration units (VivaScience).

Crystals of KillerRed were grown
by the hanging drop vapor diffusion
method at 20 °C. Each drop con-
sisted of 1 ul of the protein solution
ata concentration of 11 mg/mlin 10
mM Tris, pH 7.5, 100 mm NaCl, 2.5
mM EDTA mixed with an equal
amount of reservoir solution: 2 M
(NH,),SO,, 100 mm cacodylate, pH
6.5, 200 mMm NaCl. The crystals
reached their final size in 1 week.

Data Collection, Structure Solution,
and  Crystallographic ~ Refinement—
Diffraction data were collected from
both the native (red-colored) and
photobleached (colorless) crystals of
KillerRed. To prepare photobleached
crystals, a hanging drop with crystal-
lized protein was irradiated with 5
milliwatts of 532-nm laser light for
5 h. Each data set was collected
from a single crystal flash-cooled
in a 100 K nitrogen stream. Prior
to cooling, the crystal was trans-
ferred to a cryoprotective solution
containing 20% glycerol and 80%
reservoir solution. Data were
collected at a wavelength of 1 A
with a MAR300 CCD detector
at the SER-CAT beamline 22ID
(Advanced Photon Source, Argonne
National Laboratory, Argonne, IL)
and were processed with HKL2000
(14).

The crystal structure of KillerRed
was solved by the molecular re-
placement method with MOLREP
(15, 16), using the coordinates of the

GFP (Aequorea victoria) monomer (25% sequence identity,
Protein Data Bank code 1GFL (17)) as a search model. Struc-
tural refinement of both the native and photobleached proteins
was performed with REFMACS (18), alternating with manual
revision of the model using COOT (19). Water molecules were
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located with ARP/wARP (20). Struc-
ture validation was performed with
PROCHECK (21) and revealed that
in the final model, all of the non-
Gly/Pro residues resided in allowed
regions on the Ramachandran con-
formational map. Crystallographic
data and refinement statistics are
presented in Table 1.

Mutagenesis and Photophysical
Characterization—Preparation  of
mutant variants by site-directed
mutagenesis was performed by PCR
using the overlap extension method
with primers containing app-
ropriate target substitutions (22).
Mutants were cloned into a pQE30
vector. Small scale expression was
performed in E. coli XL1 Blue strain
(Invitrogen) grown at 37°C on
Petri dishes with LB agar (100
mg/ml ampicillin), with no isopro-
pyl 1-thio-B-p-galactopyranoside
induction. After cell sonication,
mutant proteins were purified
using TALON metal affinity resin
(Clontech). Absorption and excita-
tion-emission spectra of the puri-
fied proteins were recorded with a
Varian Cary 100 UV-visible spec-
trophotometer and a Varian Cary B

Eclipse fluorescence spectropho- Y
tometer, respectively. ,',\‘\" KR
To compare the phototoxicity of s P
KillerRed variants, we used the -y N, M
following bacterial cell killing test. '.T -*.;‘ 5
E. coli (XL1-Blue strain) was trans- "‘r -

formed with pQE30 vector encoding \
parental KillerRed or its mutants; UL L
plates were incubated at 37 °C over- -y N

night and then for 3 days at 4°C L "l ]
& UKl | Y7
(RO i3

‘ 1A~

to assure complete maturation of

the mutant proteins. Fluorescence Sj:" YA
brightness and absorption efficiency ) "‘ !k\yl(f",’lw’;{)\
of the colonies taken for the photo- “ ‘.;iﬂ& ’_: 1’|‘“‘~\.."
toxicity test were measured using flu- J .‘\“\EMQJ‘, Ny

orescence stereomicroscope SZX-12 S \ Y\ L\ TSR
(Olympus) equipped with a CCD & A\ "3’!:)‘3,’
camera and spectrophotometer SMS w ML M %

2 VIS (Pannhoff Optische Messtech-
nik), enabling recording of emission
and absorption spectra for individual
colonies. Protein-expressing cells
were obtained from a single E. coli
colony, diluted into 200 ul of phos-
phate-buffered saline buffer, and
divided into two equal portions. One
of them was irradiated with white
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light (about 1 watt/cm?, light source Fiber-Light from Dolan-Jen-
ner Industries, Inc.) for 1 h; the other was kept in the dark. Subse-
quently, both sample aliquots were plated to Petri dishes at differ-
ent dilutions. The number of growing colonies corresponded to
the number of bacterial cells surviving after irradiation (i.e. colony-
forming units). The colony-forming unit number for the irradiated
E. coli portion was compared with the non-irradiated one, thus
allowing estimation of the relative phototoxic effect for every pro-
tein tested.

RESULTS

Monomer Structure—The principal structural fold of
KillerRed, shared with all members of the GFP family, is an
11-stranded B-barrel having loop caps from both sides and a
chromophore (matured from the sequence GIn®>-Tyr®¢-Gly®”)
embedded in the middle of an internal a-helix located on the
B-barrel axis. The C-terminal tail 224 —233, having an irregular
conformation, goes away from the p-barrel side surface. Two
cis peptide bonds, preceding Pro®” and Pro®’, are located at the
B-barrel cap loops. The side chains of 11 residues adopt two
alternative orientations. The KillerRed structure shows the
existence of a pore at the cylindrical 3-barrel surface, formed by
the backbone of Ile'*?, Leu**3, Pro***, 1le**?, 1le*°°, and Thr?°*
(Fig. 1A). A chain of three hydrogen-bonded water molecules
passes through this pore from the outside to the hydroxyphenyl
moiety of the chromophore. The presence of an analogous pore
has been reported for several non-phototoxic fluorescent
proteins, such as TurboGFP (variant of ppluGFP2, Pontellina
plumata) (23); wild type zGFP506, zYFP538, and zRFP574
(Zoanthus) (24, 25); and mKate (variant of eqFP578, Entacmaea
quadricolor) (26). Based on mutagenesis experiments, the pore
was suggested to be essential for the chromophore maturation
rate by providing additional access for molecular oxygen (23).

A striking feature of the structure of the phototoxic KillerRed
is the presence of a long water-filled channel extending along
the B-barrel axis (Fig. 1B). The continuous chain of hydrogen-
bonded waters in the channel covers the distance from Pro'* at
the flanking cap to the catalytic Glu*'® in the chromophore
area. The stereochemical composition of the channel perfectly
defines the route of the water stream. Each water molecule
makes hydrogen bonds with the preceding and following waters
and with the proximal amino acids lining the channel. This
feature is unique to KillerRed and was not observed in the struc-
tures of other FPs. No evident entry point for these waters was
found in the B-barrel cap. Only the enhanced thermal motion
of the extreme loop segment 184 —190, exposed to bulk solvent
and with the atomic B factors 10—15 A? higher than the mean
value, might indirectly indicate a possibility of leakage in this
area. It should be noted that another red fluorescent protein,
DsRed, despite possessing the same chromophore (27, 28), does
not show any evidence of phototoxicity (12). An important dif-
ference between KillerRed and DsRed (Protein Data Bank code
1GGX) is that, in the latter protein, a water network originating
from the end cap does not reach the chromophore. The side

Three-dimensional Structure of KillerRed

TABLE 1
Data collection and refinement statistics
. . KillerRed
KillerRed (native) (photobleached)
Protein Data Bank code 3GB3 3GL4
Data collection
Space group P2,2,2, P2,2,2,
Cell dimensigns: a,b,c(A) 72.0,73.7,78.7 72.2,73.8,76.2
Resolution (A) 20.0-1.75 (1.83-1.75)*  30.0-2.15 (2.23-2.15)
Roerge 0.042 (0.546) 0.052 (0.561)
I/ol 35.5 (2.9) 29.5 (2.5)
Completeness (%) 92.9 (76.3) 97.3(96.2)
Redundancy 6.4 (5.5) 6.0 (5.5)
Refinement
Resolution (A) 20.0-1.75 30.0-2.15
No. of reflections 38,123 21,447
R/ Risee 0.186/0.244 0.229/0.309
No. of atoms
Protein 3,624 3,624
SO3~ 20
Water 246 128
B-factors (A?%)
Protein 35.0 61.1
Chromophore 33.5 54.8
SO, 73.1
Water 43.7 59.8
r.m.s. deviations
Bond lengths (A) 0.017 0.015

Bond angles (degrees) 1.81 1.77
“ Values in parentheses are for the highest resolution shell.

chain of the proximal Lys residue at position 69, hydrogen-
bonded to the Ser side chain at position 199, blocks the flow and
protects the chromophore from direct water access. On the
contrary, the respective Pro and Ile residues, present at these
positions in KillerRed, leave the gate open.

Oligomer Structure—Remarkably, the tetrameric arrange-
ment of the protein subunits, typical for all red fluorescent and
non-fluorescent Anthozoa-derived GFP-like proteins, has not
been observed in the crystal structure of KillerRed. Both in
solution (12, 13) and in the crystalline state, KillerRed exists as
a dimer of two monomers (A and B in Fig. 24) related by a
non-crystallographic 2-fold symmetry axis with side-to-side
packing at ~90°. The buried area between the monomers
(~1,700 A2/monomer) is stabilized by dispersed van der Waals
contacts, 10 hydrogen bonds (<3.3 A), and two symmetry-re-
lated strong salt bridges between the side chains of Glu®® (4/B)
and Arg'®® (B/A) (Fig. 2A). Two aromatic side chains of Phe'®*
(A/B) make a stabilizing stack (at ~3.5 A) shielded by the side
chains of the nearest four His and two Leu residues at the inter-
face center near the symmetry axis. The irregular C-terminal
tail (residues 224—-233) extends away from the B-barrel and
sticks to the cylindrical surface of the interacting counterpart,
contributing to interface stabilization. Removal of the observed
salt bridges and stacking interactions, accompanied by deletion
of a portion of the C-terminal tail, might favor the monomeric
state of the protein, highly desirable for the chromophore-as-
sisted, light-induced inactivation techniques.

In the crystal, the dimers are packed at a 45° angle, forming an
oligomeric macrohelix along the crystallographic 2-fold screw
axis (Fig. 2B). The contact surface between the monomers from

FIGURE 2. Oligomerization of KillerRed. A, stereoview of the interface between the A and B subunits in the KillerRed dimer that are related by a 2-fold
non-crystallographic symmetry axis. B, KillerRed oligomeric assembly in the crystal lattice showing three consecutive dimers composed from the B-barrel

monomeric units (figure created with SETOR (55)).
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Three-dimensional Structure of KillerRed

FIGURE 3. Stereoviews of the QYG chromophore with a preceding lle residue in the weighted omit
mF_, — DF_ electron density map (18) (cut-off p = 3.00). A, active fluorescent state; B, photobleached
non-fluorescent state after 5 h of green laser light irradiation at A = 532 nm. The latter density indicates
considerable damage to the GIn® and Tyr®® side chains of the chromophore (figure created with PyMOL

(56)).
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FIGURE 4. A schematic diagram illustrating the environment of the chro-
mophorein the KillerRed structure. Hydrogen bonds (=3.3 A) are shown as
blue dashed lines, water molecules (W) are shown as red spheres, and van der
Waals contacts (=3.9 A) are shown as black “eyelashes” (figure prepared with
LIGPLOT/HBPLUS (57)).
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the adjacent dimers is less extensive
(~620 A%/monomer) than within a
dimer and is stabilized by a single
salt bridge, three hydrogen bonds,
and a few hydrophobic contacts.

Native Chromophore Structure—
The internal chromophore in Killer-
Red exhibits the fluorescent prop-
erties in a red spectral region with
maxima A, = 585 nm and A, =
610 nm. The high quality weighted
2mF, — DF, and mF, — DF, elec-
tron density maps (18) are consist-
ent with the modeled structure of
the chromophore, with no indica-
tion of any disorder in the relatively
tightly packed chromophore envi-
ronment. The atomic temperature
factors of the chromophore are
below the average for the protein
(Table 1).

The post-translational modifica-
tion of the chromophore-forming
sequence GIn®°-Tyr®®-Gly®” results
in a two-ring fluorophore structure
typical for the family of FPs, consist-
ing of a five-membered imidazolone
heterocycle with a p-hydroxyben-
zylidene substituent (Fig. 34). The
phenolic ring of Tyr®® is in cis orien-
tation relative to the C*-N bond
and is almost coplanar with the imi-
dazolone ring (the torsion angles
around the corresponding C*-~CP
and CP-C” bonds are ~10.5 and
~—1.5° respectively). The geome-
try at the C* carbon of the first chromophore residue GIn®® in
KillerRed is consistent with the Anthozoa-derived red and far
red fluorescent proteins and involves an sp> hybridized center
accompanied by formation of an N-acylimine double bond
N=C*. The latter bond extends the chromophore-conjugated
m-electronic system, apparently resulting in a bathochromic
shift in spectra. In all reported structures of the red FPs, the
peptide linkage between the chromophore and the preceding
residue has a cis configuration (24, 27-31). Different geometri-
cal restraint schemes were tested in the refinement of KillerRed
in order to determine optimal geometry of the link bridging the
first chromophore residue GIn®® and the preceding Ile®*. Weak
restraints in crystallographic refinement resulted in an Ile®*-
GIn® peptide link with strongly linearized bond angle (O)C-
N-C® (~165°), showing an inclination to trans configuration.

A shell close to the chromophore in the KillerRed structure is
composed of 17 residues (within 3.9 A), including the catalytic
Arg® and Glu?'® (corresponding to Arg” and Glu**? in GFP).
Most of these residues are involved in an extensive network of
hydrogen bonds formed by the side chain and backbone inter-
actions and with active participation of mediating waters. Some
of those waters are presumed to be reaction products of the
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FIGURE 5. Spectral transitions of KillerRed in solution. A, reduction of red fluorescence intensity of KillerRed immobilized on beads upon the addition of 100
mm BME and its recovery after BME has been washed out. B, normalized photobleaching curves for KillerRed immobilized on beads in the absence and
presence of BME upon excitation by mercury arc lamp (540-580 nm, 0.2 watt/cm?). C, absorbance spectrum changes in the presence of BME at different
concentrations (shown in mm above each curve). An inset shows the dependence of absorbance at 585 nm on BME concentration. D, absorbance spectrum

changes during photobleaching with a green laser at 532 nm.

chromophore maturation process. Several residues from the
network, including Glu®'® and Arg®*, make direct and water-
mediated hydrogen bonds with the chromophore (Fig. 4). This
network is apparently functionally important, creating a poten-
tial proton wire in the maturation or degradation processes.
Photobleached Chromophore Structure—The crystal struc-
ture of KillerRed, irradiated with green laser light at A = 532
nm, presents the first example of a photobleached chro-
mophore in the FP family. The resulting weighted omit mF, —
DF, electron density reflects a mixture of the chromophore
states at different stages of degradation (Fig. 3B), which is prob-
ably the main reason for the relatively large difference between
the Rand Ry, (Table 1). The most visible damage caused by 5 h
of light exposure is to the side chains of Tyr®® and GIn®°. On the
other hand, the five-membered imidazolone ring and the pro-
tein backbone remain mostly intact. The weighted omit mF, —
DF_map for the peptide linker preceding the chromophore (the

NOVEMBER 13, 2009+VOLUME 284+-NUMBER 46

common place for backbone fragmentation in FPs) as well as
the proper geometry of the refined peptide fragment unambig-
uously confirm the integrity of the backbone (Fig. 3B).
Spectral Transitions of KillerRed in Solution—The long water
channel and the pore extending from the protein surface to the
chromophore in KillerRed as well as the high phototoxicity of
this protein suggest that the chromophore might be accessible
to external agents. Taking into account that photoreduction is
characteristic for many photosensitizers, we tested, using fluo-
rescence microscopy, several commonly used reductants on
KillerRed immobilized on beads. The red fluorescence was
found to be quenched by B-mercaptoethanol (BME), dithio-
threitol, and dithionite (in concentrations of 10—-100 mwm),
whereas the reduced glutathione and cysteine had no effect (at
concentrations of up to 300—-500 mMm). The most prominent
quenching was observed for BME, and this reaction was studied
in detail. BME-induced KillerRed quenching was reversible,
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FIGURE 6. The key residues adjacent to the chromophore. Glu®® is hydrogen-bonded via two waters to
shows two alternative orientations (created

119 119

Ser''®, in a mostly hydrophobic pocket. The side chain of Ser
with SETOR (55)).

with red fluorescence largely recovering after washing out GBME
(Fig. 5A). The recovery of the red signal was fast and occurred
with a half-life of about 3 min. Importantly, KillerRed photosta-
bility was found to be noticeably lower in the presence of BME
(Fig. 5B), suggesting possible photoreduction. Measurement of
KillerRed absorption spectra in the presence of different con-
centrations of BME showed a gradual decrease of the “red” peak
at 585 nm and a corresponding increase of a 410 nm peak, with
the BME EC,, (half-maximal effective concentration) of about
10 mm (Fig. 5C). Interestingly, BME-induced KillerRed spectral
changes are similar to those observed during the initial stages of
KillerRed photobleaching (Fig. 5D).

We also tested the influence of BME on other red fluorescent
proteins and chromoproteins of different origin and oligomeric
states. These FPs included the tetrameric DsRed2 (32), zFP574
(33), and asFP595 (34); dimeric TurboRFP (35); and mono-
meric TagRFP (35) and mCherry (36). None of these proteins
was sensitive to BME in concentrations of up to 250 mm. The
KillerRed progenitor chromoprotein anm2CP showed some
sensitivity to BME; however, the effect was much lower com-
pared with KillerRed. Even in 250 mMm BME, anm2CP saved
more than 60% of red absorption peak intensity. Thus, Killer-
Red sensitivity to BME appears to be an exceptional case
among GFP-like proteins that correlates well with its high
phototoxicity.

Structure-based, Site-directed Mutagenesis—The identity of
residues potentially important for KillerRed phototoxic prop-
erties has been tested by site-directed mutagenesis. In the Killer-
Red structure, the most critical site in the vicinity of the chro-
mophore is occupied by Glu®®, Its negatively charged side chain
resides in a mostly hydrophobic pocket formed (within 3.5-4
A) by the side chains of five aromatic residues (Phe'*, Phe*?,
Phe”®, Phe”’, and the hydrophobic part of Tyr''°), by Ile'®, and
by Ser''? (Fig. 6). The negative charge of Glu®® is partially com-
pensated by hydrogen bonds with two water molecules, medi-
ating interactions with the carbonyl of the chromophore Gly®”
and the side chain of Ser''®. The latter residue adopts two alter-
native orientations and is involved in a hydrogen bond network

32034 JOURNAL OF BIOLOGICAL CHEMISTRY

that interacts with the chro-
mophore. A buried negative charge
in an essentially hydrophobic shell
apparently gives rise to local energy
instability, making Glu®® potentially
highly reactive.

Based on the structural observa-
tions, the roles of both Glu®® and
Ser''? were studied by site-directed
mutagenesis. The replacement
E68Q resulted in complete inhibi-
tion of red chromophore formation.
The KillerRed-E68Q mutant exhib-
ited absorption maxima at 394 and
514 nm (protonated and deproto-
nated GFP-like chromophore) and a
weak green fluorescence with A, =
523 nm (Fig. 7A). In contrast, the
substitution S119A had only a neg-
ligible effect on the spectral proper-
ties; absorption, excitation, and emission spectra, overall
brightness, maturation efficiency, and photostability of Killer-
Red-S119A were all very similar to those of the unmodified
KillerRed (Fig. 7B).

To check the influence of these substitutions on the photo-
toxic properties, we compared the phototoxicity of KillerRed
and its mutants in bacterial cells. The E. coli cells expressing
these proteins were irradiated with intense white light, and
their survival was compared with a corresponding control sam-
ple kept in the dark. These tests showed that KillerRed-E68Q is
practically non-phototoxic, whereas KillerRed-S119A pos-
sesses about 100-fold reduced ability to kill bacterial cells com-
pared with KillerRed (Fig. 7D).

A total of 20 amino acids differ between the fluorescent,
highly phototoxic KillerRed and its non-fluorescent, non-pho-
totoxic progenitor, chromoprotein anm2CP (Figs. 8 and 9A).
Most of these differences are found at the periphery of the
B-barrel. Three of these substitutions, N145T, T201I, and
1199V, reside in the immediate vicinity of the chromophore
phenolic ring (Fig. 4). The nature of Thr at position 201 in
KillerRed is distinguished from those of Ile and Leu in the
respective anm2CP progenitor and DsRed, characterized by the
chromophore-forming sequence identical to that in KillerRed
(Fig. 9B). The first two replacements are the most essential,
because they provide a significant contribution to stabilization
of the fluorescent cis form of the chromophore by hydrogen-
bonding the hydroxyl of Tyr®® to the side chains of Asn'*® and
via a water molecule to Thr?°'. Mutagenesis experiments dem-
onstrated that, among several important substitutions, the
combination of Asn'*® and Ala'®’, replacing Thr'** and Cys'®*
in anm2CP, was mandatory for the KillerRed phototoxic effect
(12). Our structure-based analysis has shown that the side chain
of Cys'®! in one of the optimal orientations is too close to the
key residue Asn'*® (d < 2.2 A), which apparently would prevent
the latter from optimal hydrogen bonding to the chromophore
hydroxyl. The role of Ala'®!, having a smaller side chain, is
expected to be the elimination of this negative effect.
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FIGURE 7. Absorption, excitation, and emission spectra of the mutants of KillerRed. A, KillerRed-E68Q; B, KillerRed-S119A; C, KillerRed-A220T. D, decrease
of viable bacterial counts (in colony-forming units (CFU)) after white light illumination of E. coli expressing the designated fluorescent proteins.

Analogously to non-fluorescent chromoproteins character-
ized by the trans state of the chromophore, the non-fluorescent
progenitor anm2CP has also been proposed to have its chro-
mophore in the trans state. Based on the KillerRed structure,
that state has been modeled for anm2CP with 180° rotation of
the Tyr®® side chain around the C*~CP bond and by the intro-
duction of all replacements corresponding to amino acid differ-
ences. The resulting model has demonstrated that this pro-
posed non-fluorescent trans state is most likely stabilized by a
hydrogen bond between the Tyr®® hydroxyl and the GIn'*? side
chain. This hydrogen bond is apparently energetically prefera-
ble to the assumed competing hydrogen bond with Thr**®, des-
ignated to stabilize the cis form. DsRed has a Gly residue at
position 159, which provides an opportunity for Ser'*® to sta-
bilize the cis form of the chromophore through a similar hydro-
gen bond with the hydroxyl of Tyr®®. We suggest that a substi-
tution of GIn'®® by a Gly in anm2CP has to destabilize the
non-fluorescent trans form of the chromophore and shift the
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equilibrium in favor of the fluorescent cis form, stabilized by a
hydrogen bond with Thr'**. Indeed, a new mutant variant
anm2CP-Q159G has acquired evident red fluorescence (about
4-fold brighter compared with anm2CP) and noticeable photo-
toxicity (Fig. 7D). The same Q159G mutation in KillerRed has
not resulted in any evident effect on its spectral properties and
phototoxicity (data not shown), which most likely indicates the
predominance of the cis chromophore form over the potential
trans form.

Our results show that the residues at positions 145 and 159
compete in the ability to stabilize the cis and trans states of
the chromophore. The choice between these two states
depends significantly on the nature of the corresponding
residues. Asn'*® (supported by the water-mediated Thr?°')
in KillerRed and Ser'*® in DsRed, both stabilizing the cis
form, evidently have more influence than Gln and Gly at
position 159, designated to stabilize the trans form. On the
contrary, GIn'®®, presumably stabilizing the trans form in
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important distinctive features of
KillerRed responsible for its unique
phototoxic properties (Fig. 1B).
Indeed, increased access to the
chromophore might facilitate its
degradation and/or promote the
accompanying toxic effect by con-
veying O, and the photoinduced
ROS species, respectively, inside
and outside of the B-barrel. Alterna-
tively, the water channel could be a
“proton wire,” providing proton
transfer that stabilizes a negatively
charged chromophore radical in the
course of primary electron transfer
from an external electron donor (37,
38). The light-driven proton-pump
function was recently proposed for
avGFP (39). Notably, a similar water
channel containing five ordered
water molecules reaching from the
protein surface to the heme was
revealed in cytochrome f and
showed to be crucial for its in vivo

FIGURE 8. Structure-based sequence alignment of KillerRed, its wild-type progenitor anm2CP, DsRed,
and avGFP. The numbering of residues in KillerRed and avGFP is given above and below the corresponding
sequences. Buried residues are highlighted in gray. The chromophore-forming sequence is underlined. In red
are shown residues residing in the nearest environment of the chromophore (=3.9 A); among them are the
catalytic residues, Arg®* and Glu?'® (highlighted in yellow), whereas the KillerRed/anm2CP differences are

highlighted in blue.

anm2CP, seemingly predominates over Thr'*®, designated
to stabilize the cis form.

We have also carried out a number of mutagenesis experi-
ments that were expected to modify the water channel extend-
ing along the B-barrel axis. In particular, we constructed
mutants I78A, I178T, 178V, P192A, H195G, H195A, H195S, and
H195N with the aim of increasing the access of external water
to the channel. We also created mutants A72L, A82K, P69K/
1199S, and A82K/Y74H/H195Y, with the aim of blocking the
water flow in the channel. The barrier produced by the hydro-
gen bond between Lys®® and Ser'®” was found to protect the
chromophore from direct water access in DsRed. Unfortu-
nately, all of these mutants exhibited very poor maturation
rates, thus preventing direct comparison of their phototoxicity
with that of the parental KillerRed. However, more encourag-
ing results have been obtained for the variant A220T. The larger
Thr**® apparently partially blocks the channel, resulting in
about 10-fold decreased phototoxicity, while retaining the
spectral properties and maturation efficiency close to those in
KillerRed (Fig. 7, C and D).

DISCUSSION

The phototoxicity of the GFP-like proteins is usually very
low, perhaps because of screening of the internal chromophore
from water media by the protein shell. KillerRed is the only
currently known fluorescent protein exhibiting prominent
phototoxicity. The observed water-filled channel reaching the
chromophore area from the end cap of the B-barrel is one of the
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electron transfer function (40, 41).
In some models, it was demon-
strated that ordered water mole-
cules can directly facilitate electron
transfer, working as an “electron
wire” (42, 43). Therefore, the highly
ordered water molecules in KillerRed could possibly play a role
of electron wire, conducting electrons from the attacked exter-
nal molecule.

There is currently no direct evidence that the pore at the
cylindrical surface of the B-barrel of KillerRed, with a string of
water molecules reaching the chromophore hydroxyl, is critical
for its toxic properties (Fig. 1A). A similar pore was observed in
several non-phototoxic FPs and was shown to be essential for
the rate of the chromophore maturation, presumably by pro-
viding additional access for molecular oxygen (23-26). Never-
theless, we believe that the supply of extra oxygen may provide
additional support for the ROS generation.

We propose that Glu®® and Ser''? are among the key func-
tional residues defining the unique features of KillerRed. The
reactive role of a buried charge in a hydrophobic environment
was previously demonstrated for the yellow fluorescent protein
zYFP538 (Zoanthus sp.) (25). In addition, Asp®® in zZYFP538 was
shown to be one of the key reactive residues promoting the
posttranslational modification of the chromophore beyond the
green emitting form (44). The results of KillerRed mutagenesis
showed that Glu®® is actively involved in posttranslational mod-
ification of the chromophore beyond the green emitting form
and, in combination with Ser''?, is the most probable photoin-
duced trigger for the reaction chain causing ROS generation
and the observed phototoxic effect. Replacement of the hydro-
philic Ser''® by the hydrophobic Ala may result in removal of
water molecules connecting Glu®® with Ser''® and the chro-
mophore from the hydrophobic pocket (Fig. 6). The proposed
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FIGURE 9. A comparison of KillerRed with other FPs. A, stereoview showing the distribution of the amino acid
differences (see Fig. 8) between the phototoxic, fluorescent KillerRed (element C in green) and the non-toxic, non-
fluorescent anm2CP (element C in orange). B, the neighborhood of the chromophore in the superimposed three-
dimensional structures of KillerRed (element Cin green) and DsRed (element C in orange) (created with SETOR (55)).

hydrophobic isolation of the negatively charged Glu®® from the
network might play a critical role in the ROS-generating reac-
tion process. The adjacent, potentially reactive catalytic Glu>'®
and Arg®* residues (45-48), both making direct hydrogen
bonds with the chromophore, might contribute to the reaction
chain triggered by Glu®®.

It was demonstrated that non-fluorescent chromoproteins,
including anm2CP, are characterized by a very short lifetime
of the excited state (less than 1 ps), whereas the lifetime of
the fluorescent proteins lies in the nanosecond time scale
(49). A much longer lifetime of the excited cis state of the
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chromophore in KillerRed (by 3
orders of magnitude) most likely
increases the probability of photo-
dynamic reactions.

The proposed structural differ-
ences between the parental wild
type anm2CP and its variant Killer-
Red are of primary importance for
the evolution of the KillerRed prop-
erties. In contrast to the trans con-
formation of the chromophore that
is most likely present in anm2CP,
the cis conformation in KillerRed,
stabilized by hydrogen bonds with
Asn'*® and Thr?°}, the latter water-
mediated, brings the Tyr®® phenolic
ring close to the key residues Glu®®
and Ser''” and points this ring
toward the water pore at the cylin-
drical B-barrel surface (Fig. 1A).
The improved access of oxygen to
the chromophore through the pore
is expected to enhance the photody-
namic response. In the Q159G vari-
ant of the non-toxic and non-fluo-
rescent progenitor anm2CP, the
proposed transition of the chro-
mophore from the non-fluorescent
trans to the fluorescent cis state
resulted in the appearance of red
fluorescence (data not shown) and
toxicity (Fig. 7D). This remarkable
effect is obviously due to creating
a stereochemical environment of
chromophore similar to that found
in KillerRed.

Better access of water to the chro-
mophore area through the long
channel in KillerRed is another pro-
posed key feature responsible for its
phototoxicity. The replacement of
Ala®*° by the larger Thr interferes
with the passage of water molecules
through the channel, resulting in
lower phototoxicity (Fig. 7D).

The biochemical data presented
here demonstrate an exceptional
accessibility of the KillerRed chromophore to external reduc-
tants. Spectral changes upon treatment with BME may be
attributed to reduction of the acylimine group of the “red” chro-
mophore, resultingin a “green” protonated state, which absorbs
at ~400 nm (Fig. 5C). The observed reversibility of the red
fluorescence after washing out BME suggests that the chro-
mophore environment in KillerRed ensures a dynamic equi-
librium between the reduced and oxidized states of the
chromophore. Although the molecular mechanism of the pho-
totoxic effect of KillerRed remains largely unclear, we have
shown here that this effect is accompanied by extensive chro-
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mophore degradation (Fig. 3B). Significant degradation was
observed for the side chains of GIn®® and Tyr®® of the chro-
mophore. Under most physiological conditions, the aromatic
amino acids were reported to be among the primary targets for
ROS-mediated oxidation (50). Surprisingly, the five-membered
imidazolone ring of the chromophore remained relatively
stable to ROS attacks, whereas a closely related imidazole
ring of a histidine was shown to be susceptible to ROS-in-
duced degradation (50). We hypothesize that the degradation
of GIn®® and Tyr®® side chain is a side effect of the repeated
cycles of photoreduction and the following oxidative restora-
tion of the chromophore acylimine group during photody-
namic reactions. Indeed, spectral changes during the early
stages of the light-induced KillerRed bleaching most likely cor-
respond to conversion of a “red” chromophore (absorption
peak at 585 nm) into a protonated “green” chromophore
(absorption peak at 400 nm) (Fig. 5D).

Generally, photosensitizers can act via photodynamic reac-
tions of type I or type II (51-53). In type I reactions, a photoin-
duced electron transfer from an appropriate molecule to the
photosensitizer occurs as a primary step, followed by interac-
tion of the reduced photosensitizer with molecular oxygen and
formation of the superoxide anion radical O5. Type Il reactions
perform direct energy transfer from an excited photosensitizer
to oxygen, resulting in generation of singlet oxygen.

The combination of available data allows us to propose that
KillerRed is, most likely, a type I photosensitizer. A recent study
demonstrated that its phototoxicity for mammalian cells is
lower in D,O compared with control samples in H,O (54). For
type II photosensitizer, we would expect an opposite result,
because the corresponding ROS agent, singlet oxygen, exhibits
an extended lifetime in D,0. The decreased phototoxicity of
KillerRed in D,O also indicates that proton transfer is an impor-
tant step in the photodynamic reaction, supporting the proposed
role of a proton wire in the long water channel. The spectral
changes at the initial stages of KillerRed photobleaching (Fig. 5D)
have been found to be similar to those observed for BME-induced
KillerRed. This suggests that the primary step in photodynamic
action of KillerRed is a photoinduced reduction of acylimine
group of the red chromophore by an electron from an external
moiety. Subsequently, the molecular oxygen may abstract this
electron with formation of O and restoration of the original
chromophore structure. This process may occur many times
before resulting ultimately in chromophore degradation.

To summarize, we emphasize the key combination of the
structural features as proposed primary prerequisites for the
observed unique properties of KillerRed: (i) the water-filled
channel and the pore that increase accessibility to the chro-
mophore; (ii) the presence of Asn'** and Thr**! residues, sta-
bilizing the cis form of the chromophore; and (iii) Glu®® and
Ser''?, adjacent to the chromophore, becoming the key reactive
residues. We believe that structural and mutagenesis data pre-
sented here provide a solid base for a further interdisciplinary
study of KillerRed and for development of more effective,
genetically encoded photosensitizers, which could be used in a
variety of applications.

A short publication describing the structure of KillerRed was
published on-line when this paper was undergoing review (58).
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The main conclusions reached by its authors are in agreement
with the results presented here.
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